The bacterial plasma membrane is an important cellular compartment. In recent years 21 it has become obvious that protein complexes and lipids are not uniformly distributed 22 within membranes. Current hypotheses suggest that flotillin proteins are required for the 23 formation of complexes of membrane proteins including cell-wall synthetic proteins. We 24
Introduction 33
The shape of a bacterium is predominantly defined by the structure of its peptidoglycan. 34
Although there is a great variety in bacterial shapes, the overall chemistry of peptidoglycan is 35 very similar between bacteria and thus the shape of peptidoglycan is primarily determined by 36 the temporal and spatial regulation of peptidoglycan synthesis. In rod-shaped bacteria, 37 peptidoglycan synthesis is thought to be mediated by two protein assemblies, the elongasome 38 and the divisome, that synthesize peptidoglycan along the long axis and across the division 39 plane of the cell, respectively 1,2 . These complexes contain a set of proteins required for the 40 final steps of synthesis and translocation of the peptidoglycan precursor, LipidII, from the inner 41 to the outer leaflet of the cytoplasmic membrane, and proteins that incorporate LipidII into 42 peptidoglycan. These include SEDS (Shape, Elongation, Division and Sporulation) proteins 43 that can perform glycosyl transferase reactions 3-5 , and Penicillin Binding Proteins (PBPs) that 44 are divided in class A PBPs (aPBPs) that catalyse both glycosyl transferase and transpeptidase 45 reactions, class B PBPs (bPBPs) that only catalyse transpeptidase reactions and low molecular 46 weight PBPs that modify peptidoglycan, as well as hydrolases 2,6 . 47
Coordination of these complexes is linked to cytoskeletal elements, MreB (-like proteins) for 48 the elongasome and FtsZ for the divisome. In models, the cytoplasmic membrane is often 49 depicted as a passive environment in which these machineries are embedded. However, it is 50 becoming clear that the structure of the membrane plays a critical role in the coordination of 51 peptidoglycan synthesis 7 . Inward membrane curvature serves as a localization trigger for MreB 52 and the elongasome, and enhanced local synthesis at bulges straightens out the membrane 53 of the FMM hypothesis, FMMs have been linked to many processes, such as protein secretion, 66 biofilm formation, competence and cell morphology [22] [23] [24] [25] . Cell morphology effects are linked 67 to cell wall synthesis, and analysis of the protein content of Bacillus subtilis DRMs identified 68 several PBPs, MreC and other proteins involved in cell wall metabolism as well as the two 69 flotillins, FloA and FloT 21,24,26 . FloA is constitutively expressed, whereas FloT is expressed 70 primarily during stationary growth, cell wall stress and sporulation [27] [28] [29] . Super resolution 71 microscopy showed that the flotillins and other proteins found in DRMs do not colocalize and 72 have different dynamics 30 , so it is unlikely that FMMs are regions in the membrane that offer 73 a favourable environment in which these membrane proteins are continuously present and 74 active. Recently, the hypothesis has been put forward that FMMs/flotillins form a platform for 75 the formation of functional protein oligomers, as work in Staphylococcus aureus showed that 76 multimerization of Type 7 secretion systems and PBP2a depends on FMMs 19, 20, 31 . 77
Here, we have analysed the role of flotillins in peptidoglycan synthesis in B. subtilis. Our 78 results show that, at high growth rates, flotillins control membrane fluidity in a manner that is 79 critical for peptidoglycan synthesis and MreB dynamics, but have no effect on PBP 80 oligomerization. This results in a new model for flotillin function in the physical organization 81 of membranes during fast growth in rich medium. 82
83
Results 84
Absence of flotillins shifts peptidoglycan synthesis to division septa 85
In previous studies, a double deletion of floA/floT was either reported to suffer severe shape 86 defects and perturbed membrane structure 25 , or to not have strong shape defects but with a 87 change in the overall lipid ordering of the membrane 24 . We grew wild type and DfloAT strains 88 and analysed exponentially growing cells. We did not observe striking shape defects, but did 89 see an increase in median cell length and distribution of cell lengths in the absence of flotillins 90 (Figure 1A, G) . To look at effects on peptidoglycan synthesis, we labelled cells with HADA, 91 a fluorescent D-Alanine analogue that reports on sites of active peptidoglycan synthesis 32 , and 92 with fluorescent vancomycin (Van-FL), which labels LipidII and peptidoglycan containing 93 pentapeptide side chains 33,34 . This revealed a significant accumulation of peptidoglycan 94 synthesis stains at division septa in the DfloAT strain ( Figure 1A-C) . To look at membrane 95 structure, cells were labelled with FM4-64, Nile-Red and DiI-C12, which are lipid dyes that 96 accumulate in zones enriched in fluid lipids 13 . Again, the stains accumulated at the septa in the 97
DfloAT strain, which also showed some accumulation of FM4-64 and DiI-C12 in patches, 98 suggesting that the more fluid regions of the membrane are coalescing into larger regions 99 ( Figure 1A, D-F) . The HADA, FM4-64 and Nile-Red measurements were repeated using a 100 wild type strain expressing endogenous GFP, allowing simultaneous imaging of both strains 101 on the same slide, and gave similar results, confirming that the observed signal increase is not 102 peptidoglycan synthesis is affected and relatively increased at division septa, with a 126 concomitant accumulation of membrane dyes that are indicative of higher membrane fluidity. FM4-64 (E) and DiI-C12 (F) labelled division sites of the cells shown in (A). Cells from each 133 strain (n ≥ 100, except E, n = 60) were analysed using the ObjectJ macro tool PeakFinder. G. 134
Distribution of the cell length (n = 100) of the strains analyzed in (A). 135
All data analysed with Prism and depicted as box plots with whiskers indicating 5-95% 136 percentile. Significant differences are based on the two-tailed Mann-Whitney test (* p<0.05; 137 ** p<0.01). 138
139
The absence of both flotillins and PBP1 causes a severe phenotype, linked to a loss of 140 membrane fluidity. 141
We reasoned that a non-lethal defect in septal peptidoglycan synthesis could reveal more about 142 the role of flotillins and constructed a flotillin mutant that lacks PBP1, a bifunctional glycosyl 143 transferase/transpeptidase that is required for efficient cell division 37 . Simultaneous deletion of 144 pbp1, floA, and floT resulted in strong filamentation and delocalization of peptidoglycan 145 synthesis as well as membrane dyes to patches (Figure 2A The GP values indicated that membranes are more ordered when cells are grown on minimal 204 medium, and this suggests that the flotillin-associated increase in overall membrane fluidity is 205 important for cell shape control at high growth rates. This was tested by growing the strains 206 lacking flotillins and PBP1 on LB in the presence of benzyl alcohol, an extensively used 207 membrane fluidizer that increases membrane hydration due to disordering of membrane 208 structure 40 . Notably, the addition of benzyl alcohol increased membrane fluidity to similar 209 extents in the wild type and the mutant strains (see Figure 3C ), but did not affect the growth 210 rates of the strains (Figure 2 -figure Figure 5B ). FloT decreases the spectral width of the 2 H quadrupolar 247 splitting, reflecting an increase in motion on the atomic scale ( Figure 5A) . The 2 H spectrum 248 encodes the local order parameter SCD of the carbon-deuterium in absence and in presence of 249
FloT. Strikingly, FloT has an important impact on the order parameter along the entire acyl 250 chain. It is remarkable that the protein significantly decreases the order parameter SCD, reaching 251 even the inner carbon atoms of the acyl chain, indicating a different packing behavior and 252 increased membrane fluidity upon interaction with FloT ( Figure 5B) . The strong fluidizing 253 effect described for FloT is notably different from the effects other proteins have when 254 reconstituted into liposomes, such as plant remorins 42 or the membrane binding peptide of the 255 nonreceptor tyrosine kinase Src 43 . The anisotropic lineshape of the 31 P spectra indicates that 256 the membrane is in the lamellar phase as expected for POPC at the chosen temperature 257 (298K) 44 . Upon interactions with FloT the lamellar phase remains intact with formation of a 258 few smaller objects, indicating that the overall liposome structure is not affected and that its 259 phase is maintained ( Figure 5 figure supplement We found that membrane fluidity is not solely a function of temperature, but also of growth 280 conditions. In vivo, flotillins may also recruit specific, more rigid lipids, such as hopanoids and 281 carotenoids 18,20,21 which have been found in association with FMMs, and whose synthesis 282 could be growth condition dependent. The predominantly physical role in membrane 283 organization for flotillins fits with our observation that adding a chemical fluidizer is sufficient 284 to restore MreB dynamics and cell shape to fast growing cells that lack flotillins. We propose 285 that in fast-growing cells on rich medium, flotillin-mediated control of membrane fluidity is 286 critical and sufficient to allow essential membrane bound processes, such as peptidoglycan 287 synthesis, to proceed normally. 288
A sufficiently fluid membrane is necessary for the efficient recruitment and movement of 289
MreB, and provides a more favorable environment for the peptidoglycan precursor LipidII 8, 9, 17 . 290
It has recently been shown that modulation of either MreBCD or PBP1 levels is sufficient to 291 alter the shape of B. subtilis cells 46 , underscoring the importance of both systems. In the 292 absence of flotillins, the activity of the MreBCD component is strongly reduced -as evidenced 293 by the reduction of MreB speed -and the overall rigidity of the membrane is increased. This 294 results in a less favourable environment for the peptidoglycan precursor LipidII, which prefers 295 more liquid, disordered membrane phases 14, 15, 47 . Our data indicate that the reduction in 296 elongasome activity, which does not impact the growth rate itself, is compensated by increased 297 peptidoglycan synthesis activity around division sites in flotillin mutants, which is sufficient net effect of this is that cells lacking PBP1 and flotillins grown with benzyl alcohol behave as 316 cells that only lack PBP1, which is quite similar to wild type. At low growth rates, there is no 317 difference between wild type cells and cells lacking flotillins with respect to membrane fluidity, 318 and the speed of MreB is similar between the two cell types. Thus, the deletion of flotillins 319 does not exacerbate the phenotype of cells lacking PBP1. The reason for the change in 320 membrane fluidity between cells grown on rich or minimal medium is not yet clear -it does 321 not seem to be caused by a large shift in the fatty acid composition of the membranes. Various 322 factors could play a role, such as the synthesis of specific lipids (hopanoids, isoprenoids) on 323 either type of medium, but also protein crowding, which is higher in membranes of fast-324 growing cells than in slow-growing cells 52 . It will be an important future challenge to establish 325 the cause for this difference. An overall rigidification of the membrane may also lead to 326 retardation of processes which require membrane modifications such as division and 327 sporulation, which is indeed observed in B. subtilis flotillin mutants 25, 53 . 328
One of the proposed roles for flotillin proteins is that they form a 'platform' that transiently 329 interacts with membrane proteins that need to oligomerize into functional complexes 19 . We 330 tested this hypothesis for B. subtilis PBPs by comparing their localization and oligomerization 331 in wild type and flotillin mutant strains. Although we were capable of detecting a high MW 332 complex containing various PBPs (notably PBP1, 2a, 2b, 3 and 4), the complex was not 333 dependent on the presence of flotillins. We also note that PBP1 was present in the complex, as 334 well as present in a large smear in the first dimension native gel, which would explain why Cultures were harvested by centrifugation and a small amount of pellet was placed on a copper 487 dish. A 400 copper mesh grid and a 75 µm aperture grid was placed on top of the cells to create 488 a thin layer. The sandwiched cells were plunged rapidly into liquid propane. Sandwiches were 489 then disassembled and placed on frozen freeze-substitution medium containing 1 % osmium 490 tetroxide, 0.5 % uranyl acetate and 5 % water in acetone. Cells were dehydrated and fixed using 491 the rapid freeze substitution method 62 . Samples were embedded in epon and ultrathin sections 492 were collected on formvar coated and carbon evaporated copper grids and inspected using a 493 CM12 (Philips) transmission electron microscope. For each strain 70 random septa were 494 imaged with pixel resolution of 1.2 nm. Using ImageJ the cell wall thickness for each septum 495 was measured at 4 places from which the average was taken. The fatty acid composition of B. subtilis wild-type cells and the flotillin/PBP mutants was 515 analyzed with gas chromatography as fatty acid methyl esters. Cells for the analyses were 516 grown at 37 °C in LB or SMM until mid-exponential (OD600 ~ 0.5), harvested (6000 rpm, 10 517 min, 4 °C) and washed with 100 mM NaCl. Next, the cells were freeze dried at -50 ºC, 0.012 518 mbar for a minimum of 18 h. All analyses were carried out on biological duplicates by the 519 Identification Service of the DSMZ, Braunschweig, Germany. 520
521
Sample preparation for solid-state NMR 522
FloT was essentially purified as described 24 , in solubilized form, and stored in buffer A (50 523 mM Tris HCl pH 7.5, 150 mM NaCl, 5 mM MgCl2) supplemented with 0.05 % Triton X-100. 524
Liposomes containing POPC-d31 were prepared by mixing appropriate lipid powders in 525 organic solvents (chloroform/methanol, 2:1 ratio). Solvents were evaporated under a flow of 526 N2 to obtain a thin lipid film. Lipids were rehydrated with ultrapure water before lyophilisation 527 over night. The lipid powder was hydrated with an appropriate amount of buffer A with 10% 528 glycerol and homogenized by three cycles of vortexing, freezing (liquid nitrogen, -196°C, 1 529 min) and thawing (40°C in a water bath, 10 min). This protocol generated a milky suspension 530 of micrometer-sized multilamellar vesicles. FloT was solubilized in Buffer A supplemented 531 with 0.05% Triton X-100 and added to preformed liposomes and incubated for 1h at room 532 temperature. A dialysis step was then performed against Buffer A at 4°C under agitation to 533 remove the detergent. Samples were centrifuged at 100,000g at 4°C for 1h to pellet the 534 proteoliposomes. 2 H solid-state NMR spectra were recorded of liposomes in the presence or 535 absence of FloT at a lipid/protein ratio of 25:1 at 298 K. 536 537 Solid-state NMR 538 2 H NMR spectroscopy experiments were performed using a Bruker Avance III 500 MHz WB 539 (11.75 T) spectrometer. They were recorded on 2 H-labeled POPC at 76.77 MHz with a phase-540 cycled quadrupolar echo pulse sequence (90°x-t-90°y-t-acq). Acquisition parameters were as 541 follows: spectral window of 500 kHz for 2H NMR spectroscopy, p/2 pulse width of 3.90 ms 542 for 2 H, interpulse delays (t) were of 40 µs, recycled delays of 1.3 s for 2H; 3000 and 8000 scans 543 were used for 2 H NMR spectroscopy on liposomes and liposomes with FloT, respectively. 544 Spectra were processed using a Lorentzian line broadening of 300 Hz for 2 H NMR spectra 545 before Fourier transformation from the top of the echo. Samples were equilibrated for 30 min 546 at a given temperature before data acquisition. All spectra were processed and analyzed using 547 
